Extracellular pectate lyases (polygalacturonic acid trans-eliminases, EC 4.2.99.3) secreted by soft-rot bacteria catalyze a trans-eliminative cleavage of pectic materials in plant cell walls (3, 20) . These enzymes are major agents of maceration produced by such bacteria (20) . They also appear to play an essential role in the initial infection process (22; Zucker and Hankin, Ann. Bot., in press). The loss of virulence in mutants of the soft-rot pathogen, Erwinia carotovora, is associated with loss of pectate lyase synthesis (5, 6) .
Pectate lyases have been considered as inducible enzymes in a number of bacteria (7, 8, 11, 14, 15, 17) . However, Hsu and Vaughn (9) demonstrated that Aeromonas liquefaciens produces only a constitutive lyase, its synthesis being regulated entirely by catabolite repression. Recently, Moran and Starr (13) suggested that lyase synthesis in E. carotovora is regulated in a similar fashion. These findings call into question the inducible nature of pectate lyases and cast doubt on the hypothesis that certain types of disease resistance in plants are related to the induction of polysaccharide-degrading enzymes such as pectate lyase (1, 4) . Therefore, regulatory systems controlling pectate lyase synthesis in a virulent isolate of E. carotovora have been examined and compared with those of a normally saprophytic soil organism, Pseudomonas fluorescens. A highly inducible lyase is synthesized by both organisms under certain conditions of culture.
MATERIALS AND METHODS Organisms. The P. fluorescens species was isolated from cycloheximide-treated potato slices as previously described (22 7.4 . Carbon sources, as indicated, were added to 12.5 ml of the mineral medium in a 250-ml Erlenmeyer flask, and the total volume of ZUCKER AND HANKIN the liquid medium was adjusted to 25 ml with distilled water. In studies of enzyme production, each flask was inoculated with enough washed cells to give a final concentration of approximately 2 X 108 cells/ml of medium. The inoculated flasks were incubated in a 30 C shaker operating at 220 oscillations per min.
Carbon sources such as pectin (N.F.) and sodium polypectate (Sunkist Growers Inc., Corona, Calif.), and sodium galacturonate, were prepared as 4% solutions in water, sterilized by autoclaving, and added aseptically to a final concentration of 1% in the medium. Potato discs, 1 to 2 mm thick and 10 mm in diameter, were cut from the inner pulp of Kennebec tubers. When potato tissue was included as a carbon source, 10 discs weighing about 1.7 g were added to each 25 ml of medium. Combined medium consisted of 12.5 ml of mineral medium, 6 .25 ml of pectin (final concentration, 1%), 10 potato discs, and water to 25 ml. Although potato discs added to the medium were not sterile, they contributed such a small contaminating inoculum that no growth or enzyme production could be detected in otherwise uninoculated flasks after 24 hr of incubation. Acetone powders of potato were prepared by homogenizing the tissue in three volumes of acetone (w/v) and washing the filter cake with acetone. Approximately 300 mg of dry acetone powder was obtained from 10 fresh discs. Where indicated, 400 mg of acetone powder was added per 25 ml of culture medium.
Slow-feeding experiments (restricted growth). Bacteria grown on a restricted supply of glucose were cultured in 1-liter flasks containing 250 ml of mineral medium. The cultures were initially provided with enough glucose to give a level of 0.07% in the medium. This amount of glucose supported growth for about 4 hr, at which time the medium contained about 3 X 108 cells/ml. Slow feeding was then begun with 0.07% glucose added at a rate of 1.4 ml/hr by gravity flow through a solenoid valve fitted with polyethylene tubing [inside diameter, 0.023 inch (0.058 cm)] and actuated by a timer (one pulse/minute). The entire slowfeeding system was sterilized before use. Growth was measured turbidimetrically.
Pectate lyase assay. Enzyme activity in culture supernatant fluids, clarified by centrifugation at 4,000 X g for 10 min, was assayed spectrophotometrically at 235 nm, a wavelength at which unsaturated uronide products absorb (2, 17) . The increase in absorbance was followed in a Gilford recording spectrophotometer after addition of 0.1 ml or less of supernatant fluid to a reaction mixture containing: Tricine buffer, N-tris(hydroxymethyl)methylglycine, pH 8.8, 100 ,umoles; CaCl2, 20 ,umoles; 1 ml of 0.3% sodium polypectate; and water to a total volume of 3 ml. An increase in absorbance of 1.73 was considered to represent the formation of I ,umole of unsaturated uronide product in the reaction mixture (17) . One unit of enzyme is the amount that catalyzes the formation of unsaturated uronide at a rate of I ,umole/min at 30 C. The characteristics of the extracellular lyases produced by the test organisms were similar to those previously described (7, 14) . The major difference between the lyase produced by E. carotovora and that from P. fluorescens appeared to be in molecular weight, as indicated by the somewhat greater retardation on Sephadex G50 of the Erwinia lyase than of the Pseudomonas lyase (unpublished data).
The differential rate (12) of pectate lyase synthesis was calculated from measurements of the increase in lyase activity of the culture fluid and in cell number during the logarithmic phase of growth extending from 5 to 15 hr after inoculation. The rate is reported as units of lyase activity per 1010 cells. Cell number rather than bacterial nitrogen or dry weight was used as the basis for calculation, because macerated potato tissue or acetone powders contributed to both the nitrogen content and dry weight of any pellet obtained by centrifugation of the bacterial culture.
In some instances, a single measurement of lyase activity and cell number was made at 20 to 22 hr after inoculation, when the cultures had reached the stationary phase. The specific activity calculated from this measurement was found to be in close agreement with the differential rate calculated from a series of measurements made during logarithmic growth.
RESULTS
Extracellular pectate lyases are produced by P. fluorescens (7, 8) and E. carotovora (13, 14) .
Synthesis and secretion of lyase closely parallel growth once the logarithmic phase has begun. This pattern of lyase synthesis is similar to that found in a number of organisms (15, 17) . Little intracellular pectate lyase was obtained from sonically treated preparations of P. fluorescens. Toluene treatment of E. carotovora (13) indicated that less than 10% of the total enzyme synthesized remained within the cells during logarithmic growth.
The differential rate of lyase synthesis in both P. fluorescens and E. carotovora can be varied several hundred-fold by modifying the carbon source upon which the organisms are grown. Data of Table 1 illustrate this effect. E. carotovora grown in batch culture on glucose produced a small amount of constitutive lyase. When transferred from glucose to a medium containing pectin and potato tissue as the source of carbon (see below), the differential rate of synthesis increased 50-to 100-fold. P. fluorescens showed no detectable constitutive synthesis on glucose. When transferred from glucose to the combined pectin and potato medium, a trace quantity of lyase was formed. Repeated transfer of these cells in fresh combined medium eventually yielded cells capable of synthesizing relatively large quantities of pectate lyase, but never at a differential rate as high as that obtained with E. carotovora.
Kinetic studies of enzyme synthesis and growth indicated that the differential rate in E. carotovora increased within one to two generations (lag phase) after transfer from glucose to pectin and potatoes. P. fluorescens required at least 10 The effect of carbon source on the differential rate suggests that inducible pectate lyase synthesis occurs in both organisms. However, the data do not rule out the possibility that lyase synthesis is entirely constitutive and sensitive to catabolite repression as in the case of A. liquefaciens (9) . The long lag in lyase synthesis which follows the growth of P. fluorescens on glucose suggests that catabolite repression does exist. Therefore, lyase synthesis by P. fluorescens and E. carotovora in continuous culture was examined when growth was restricted by slow feeding of glucose. Catabolite repression, if it exists, is released under these conditions (9) . Fig. 1; Fig. 2 An acetone powder of potato tissue was almost as active as fresh tissue in the combined medium (Table 3 ). The potato tissue requirement for the synergistic effect could not be replaced by proteose peptone, Casamino Acids, or yeast extract. When fresh tissue or a slurry of the acetone powder was autoclaved, no synergistic effect was observed. The heat lability of the potato factor suggests that it may be a protein. Although no pectate lyase activity has been detected in uninoculated combined medium or in extracts of fresh potato tissue, other types of pectolytic enzymes could be present. Work is now in progress to determine whether the potato factor is involved in the modification of pectin, converting it into a more efficient inducer. DISCUSSION Data presented in this paper suggest that synthesis of pectate lyase can be induced in both E. carotovora, a soft-rot pathogen, and in P.
fluorescens, a nonpathogenic soil organism. The large increase in differential rate of synthesis obtained when pectin and potato factor were used as the carbon source instead of glucose appears to be a true induction and not merely a release of catabolite repression of constitutive lyase synthesis as described by Hsu and Vaughn (9) . Little change in the differential rate of constitutive synthesis was observed when attempts were made to relieve any catabolite repression by restricting growth through slow feeding of glucose or by transferring the organisms from a glucose to a glycerol medium.
Moran and Starr (13) to determine whether ICPB-EC153 actually lacks inducible lyase synthesis or whether induction could be demonstrated in this isolate, too, if the combined medium were used for growth.
A comparison of regulatory controls governing pectate lyase synthesis in the pathogen and the nonpathogen revealed several distinct differences which may be associated with pathogenicity. E. carotovora, the pathogen, produces some constitutive lyase. In contrast, the nonpathogenic pseudomonad shows no detectable constitutive synthesis. Synthesis of even a small amount of constitutive enzyme could be distinctly advantageous for pathogenicity of soft-rot organisms. Most wounded plant tissues rapidly form an impermeable protective layer over injured surfaces. For instance, wounded potato tissue forms a phenolic suberin layer over its cut surfaces which effectively seals off exposed pectic layers within 24 hr of injury and prevents attack by pectate lyases (22; Zucker and Hankin, Ann. Bot., in press). Some constitutive synthesis of lyase would allow an organism to begin an attack on exposed pectic materials immediately. If smaller degradation products rather than large pectin molecules themselves are the actual inducers of lyase synthesis (11), a small amount of a constitutive enzyme could also form a supply of inducer quickly and trigger synthesis of inducible enzyme.
Organisms with a very high rate of constitutive lyase synthesis would also be potential soft-rot pathogens. A. liquefaciens has a high level of constitutive synthesis but suffers in this regard from the fact that lyase synthesis is very susceptible to catabolite repression (9 colleagues (1, 4) .
The pathogen and nonpathogen can also be distinguished by their sensitivity to previous culture conditions. The 
